Abstract. The Greenland Ice Sheet Project 2 (GISP2) and Greenland Ice Core Project (GRIP) deep drilling programs at Summit, Greenland included support (both logistical and scientific) of extensive investigation of atmospheric transport and air-snow exchange processes of gases and particles relevant to the interpretation of the ice-core records. Much of the sampling for the air-snow exchange investigations was conducted at a unique solar-powered camp 30 km southwest of the GISP2 drill camp (even further from the GRIP camp) and was characterized by a high degree of international collaboration and cooperation. The wide range of expertise and analytical capabilities of the 20-plus investigators participating in these studies has provided important insight into the meteorological, physical, and chemical processes which interact to determine the composition of snow and firn at Summit. Evolving understanding of this system will allow improved reconstruction of the composition of the atmosphere over Greenland in the past from the detailed Summit ice-core records. This paper provides an overview of air-snow exchange investigations at Summit, including their development through the course of the drilling programs (1989-1993), significant findings related to both air-snow exchange issues and the present state of the Arctic free troposphere, as well as the major outstanding questions which are being addressed in ongoing experiments at Summit.
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construction and initial drilling activities for GISP2 and GRIP (the 1989 European drilling program was known as Eurocore, but major preparation was accomplished for GRIP in the same season). A large, integrated proposal for air-snow exchange investigations had been declined for funding, but the U.S. icecore chemistry community, and particularly the GISP2 executive committee, strongly felt that improved understanding of the transfer functions would be an important contribution of the GISP2 program. With a small amount of funding from the National Science Foundation (NSF) Office of Polar Programs and much support from the GISP2 Science Management Office and all field personnel at Summit, a pilot project was conducted during this first season.
The authors and Paul Mayewski (chair of the GISP2 executive committee) recognized that a small atmospheric sampling program would have lower logistic impacts but could also produce higher-quality data through the elimination of local pollution. A decision was made to collect atmospheric samples (as well as surface and near-surface snow) at a remote camp with as few pollution sources as possible. It was also decided that an attempt would be made to operate all atmospheric sampling devices with clean power provided by photo-voltaics with battery storage. A tent camp, henceforth referred to as ATM, was (Table 1) . This small crew operated equipment and collected samples for as many as 20 different research teams (Table 2) [Jaffrezo et al., 1991] .
In 1989 the power system consisted of 800 W of photovoltaic cells and twelve 100-amp-hour gel cell batteries. These were configured into a 24 V system that proved capable of powering two high-volume aerosol sampling systems (one for natural radionuclides and one for soluble ionic species) for the majority of time during the 10-week season [Dibb, 1990] . Snow samples were collected for these same analyses plus trace elements, carbon, insoluble aerosols, and stable isotope analyses. Several arrays of accumulation stakes were established and attempts to sample ice fog (for chemical analyses) were initiated.
After the successful "proof of concept" during 1989, NSF increased the size of the solar power system by four fold for the 1990 season. In addition, researchers from the Laboratoire de Glaciologie et Geophysique de l'Environment provided 1 kW of panels (with battery storage) for their preliminary investigation of acidic gases (sampled with denuder techniques) [Silvente, 1993; Silvente and Legrand, 1995] . During this season five bulk aerosol sampling lines and one impactor (to collect sizesegregated aerosol samples) were operated in addition to the French denuders and nylon filter packs. Snow sample collection was similarly expanded to provide material for the investigators analyzing the various new atmospheric samples. During 1990 the solar power system was also used to operate an electromechanical drill and collect a firn/ice core to approximately 140-m depth. Samples from this core, and a companion 6-m-deep snowpit, were provided to several of the GISP2 and GRIP investigators to complement the results of their sampling from the main cores or around the drill camps. New techniques for collection of ice fog were tested, and analysis of these samples was expanded to include stable isotopes as well as [Bales et al., 1992] . The field season following this meeting was marked by the successful completion of the GRIP drilling program and continued growth of the air-snow exchange group activities at the GISP2 camp, including preliminary gas phase measurements of H20 2. GRIP transferred a containerized laboratory van and a snowmobile to the GISP2 site at the end of 1992 for our continued use. In 1993 the GISP2 drilling program recovered samples of bedrock under the ice sheet, the remote camp continued operation at full speed, and continuous measurements of HCHO and 03 were initiated at the drill camp. Pilot studies were also conducted to determine the feasibility of using mist chamber sampling techniques to measure soluble acidic gases at Summit , as well as measuring H20 2 and HCHO in the air filling the pore space of firn [Bales et al., 1995a] . A large-scale continuous, experiment to evaluate the fluxes of soluble ionic species to the snow surface from all main deposition processes was also initiated [Bergin et al., , 1995a . In preparation for airsnow investigations from a scaled-down GISP2 camp in 1994-1996, the remote camp was relocated to a site 11 km from GISP2 (along the same flag line) at the end of the 1993 season.
In the three seasons after the completion of drilling (1994 through 1996), air-snow investigations have continued to expand at Summit, with 8-10 researchers present throughout the summer season (Table 1) Table  3 ). The connection, or lack of one, between the free troposphere and air sampled just above the snow surface must be considered on a case by case basis when examining air snow relations, since the formation of snow often "samples" airmasses hundreds to thousands of m above the surface of the ice sheet [Borys et al.,
1992].
The 7Be data at Summit have nevertheless indicated that stratospheric intrusions can influence the free troposphere over Greenland, an inference that was supported by meteorological evidence in at least one case examined in detail [Dibb, 1993 ]. confirmed some aspects of the seasonality of transport previously inferred from snowpit studies but also has pointed out some apparent discrepancies. Automatic weekly year-round measurements showed that large concentrations of SO4 = in the atmospheric aerosol at Summit seem restricted to spring only [Wahlin, 1996] In the surface layer of snow, replicate samples separated by at most a few tens of centimeters typically show 10-30% variability in concentration of soluble ions during the summer. In general, the variability of "reversibly deposited" species (e.g., H20 2, CI-, NO3-, see discussion below) is significantly less than that of aerosol-associated species (e.g., Na +, Ca2+, Mg2+; see season means in Table 4 ; H202 concentrations usually vary only a few percent on these spatial scales). Interestingly, the variability of snow concentrations on the centimeter scale represents a significant fraction of the variability found when samples were collected from a single layer at 92 points separated by distances ranging from 10 to 900 m ( Figure 5 ). The fraction of overall spatial variability seen on the small scale of adjacent replicates was also found to be larger for the aerosol-associated soluble ionic species than those present mainly in the gas phase.
An episode of even higher
Concentrations of some aerosol-associated species showed variation of over 100% at a given depth in snowpits over horizontal distances of a few meters [Dibb et al., 1992a] . The increased variability observed in these pits reflects sampling of different layers at the same level in the snow (i.e., in contrast to the surface snow samples where distinct stratigraphic layers are selected, any fixed depth sampling scheme can mix different events). Departures of snowpack stratigraphy from uniform, planar layers are largely due to small-scale topographic control of snow accumulation, particularly during drifting of the surface material, but such variability is probably inherent in any ice core sampling scheme that attempts to resolve subannual events. In 1995, the spatial survey described above was expanded to determine variability in the entire 1994 spring layer and the H20 2, HCHO, HNO 3, HF, HC1, CH3COOH, HCOOH) . These reactive gases appear to be incorporated in or on the ice crystals rather than being trapped in bubbles. In contrast to nonvolatile aerosol particles, these species can be reemitted into the gas phase and return to the atmosphere from the snow. The potential for two-way exchange between air and snow adds complexity to the overall transfer function, and model development has focused on two classes of atmospheric constituents: those that stick to the snow once they encounter the surface (irreversibly deposited species) and those that can go back and forth (reversibly deposited species) [Bales et al., 1992 ]. This division is merely a i convenient starting point, since even a dust particle (which would be considered irreversibly deposited in this scheme) can be 0. Discrepancies between the seasonal variation of several chemical species in the atmosphere over Greenland and the seasonal patterns inferred from depth profiles measured in snowpits suggest that the winter season is underrepresented in the snowpack at Summit [Dibb et al., 1992a; Dibb, 1993 Dibb, , 1996 Jaffrezo et al., 1994] . Nonuniform accumulation of snow through the year may create substantial biases in reconstruction of atmospheric concentrations, particularly if the phase relationships between annual cycles in snow accumulation and airborne concentrations vary over time (i.e., small changes in the relative amount of snow falling and accumulating during a given season could have disproportionate impacts on the annual flux to the snow of those species whose airborne concentrations are at minima or maxima during that season) [Dibb, 1996] . Another example suggesting that depth in the snowpack is not a linear function of age is provided by the penetration of ?Be below 60 cm in a pit sampled June 19, 1995 (Figure 6 ). Markers set out on July 15, 1994 were encountered at 65 cm in this pit, suggesting an age of 10.5 months at 60 cm if accumulation was linear over time. The ?Be activity will decay to less than 2% of its initial value in 10.5 months; hence activities as high as 2 pCi kg-1 at 60 cm suggest that the snow is not so old as its depth indicates (or that the initial concentration was much higher that anything we observed in the summer of 1994).
An alternative explanation for deep penetration of ?Be would be aerosol deposition at some depth below the surface in the snowpack, which could introduce an age offset between a given layer of snow and the chemical impurities it contains [Dibb, 1993] . Wind pumping through the permeable upper layers of the snowpack might introduce aerosols at depth, with the possibility that a lower permeability layer would preferentially collect the airborne material. However, experiments at South Pole indicate that the firn is a highly efficient filter and appears to trap even Two major shortcomings of the work at Summit are recognized: the exclusive focus on summer and the lack of measurements at heights greater than 20 m above the snow surface (except for the meteorological soundings up to 1 km). Logistic considerations have dictated the summer field campaigns, but efforts have been made to use autonomous systems for key measurements year-round. Moderate success has been achieved for standard meteorological variables and it appears that the streaker sampler may provide low resolution aerosol composition data through the winter [Wahlin, 1996] . A continuous Rn monitor was deployed for the 1995-1996 winter over period, the device was still running in spring 1996 but the winter data was lost. Two different approaches to monitoring snow accumulation have been tested, both have been prone to failure and agreement between them (when both were operating) was poor (H. Kuhns, personal communication, June 1995). 
Conclusions
The GISP2 and GRIP drilling programs were tremendously successful and have resulted in unparalleled records of snow and ice chemistry at the Summit of the Greenland Ice Sheet. Full use of these records requires quantification of the relationships between a given ice-core parameter and the atmospheric parameter it is a proxy for. The air/snow investigations described herein focused on improving our understanding of these relationships.
Greater effort must now be devoted to the synthesis of field and laboratory results. Conceptual and numerical models are being developed for exchange of energy and chemicals between the air and snow [e.g., Bales and Choi, 1996; Albert, 1996; Albert et al., 1996; Bergin et al., 1995c Bergin et al., , 1996 ]. These must be tested with the data sets now in hand in order to identify whether the proper parameters have been characterized adequately, both in the field and laboratory. When it is possible to quantify the accuracy with which snow concentrations can be predicted for a given set of atmospheric conditions, the critical task of working the problem in reverse and backing out past atmospheric concentrations from ice core measurements will be at hand.
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